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ABSTRACT 
By measuring t h e  weight l o s s  o u t  of  a Knudsen c e l l  t h e  vapor 
p r e s s u r e  o f  t h e  escap ing  s p e c i e s  can be c a l c u l a t e d .  I f  t h e  on ly  
way t h i s  s p e c i e s  can e n t e r  t h e  Knudsen ce l l  is  by d i f f u s i o n  through 
a f o i l ,  t h e  s t eady  s t a t e  weight loss  i s  a l s a  t h e  d i f f u s i o n  f l u x .  
The composit ion of t h e  s u r f a c e  of  t h e  f o i l  i n  t h e  c e l l  i s  g iven  by 
t h e  vapor p r e s s u r e  i n  t h e  c e l l  and t h e  thermodynamics of t h e  system. 
The composit ion of t h e  o t h e r  f o i l  s u r f a c e  can be c o n t r o l l e d  by t h e  
e x t e r n a l  vapor p r e s s u r e  of t h e  d i f f u s i n g  m a t e r i a l .  Using t h e  above 
d a t a  and t h e  f o i l  t h i c k n e s s ,  t h e  d i f f u s i o n  c o e f f i c i e n t  can b e  c a l -  
c u l a t e d  from F i c k ' s  f i r s t  law. This  t echnique  has  been used t o  
s tudy  t h e  d i f f u s i o n  of  z i n c  through t h i n  s i l v e r  f o i l  i n  t h e  tempera- 
t u r e  range 500-800°C. 
* A s s i s t a n t  P r o f e s s o r ,  Department o f  Meta l lu rgy ,  Massachuset ts  
I n s t i t u t e  of Technology, Cambridge, Massachusett  . 
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INTRODUCTION 
Di f fus ion  i n  metals and a l l o y s  i s  of fundamental importance 
as w e l l  as be ing  of  p r a c t i c a l  i n t e r e s t .  A c o n s i d e r a b l e  number of 
s o l i d  s ta te  r e a c t i o n s  are d i f f u s i o n  c o n t r o l l e d .  H o w e v e r ,  i n  s o m e  
cases, t h e  bulk  d i f f u s i o n  c o e f f i c i e n t  does no t  g i v e  an a c c u r a t e  
p r e d i c t i o n  of t h e  m a s s  t r a n s p o r t .  For example, t h e  d i f f u s i o n  of 
z i n c  o u t  of brass i s  5 t i m e s  f a s t e r  t han  t h e  d i f f h i o n  of z i n c  i n t o  
brass: 
through a t h i n  f o i l  o r  l a y e r ,  where both  inward and outward d i f f u s i o n  
occur s ,  and, i n  t h i s  case, t h e  bulk d i f f u s i o n  c o e f f i c i e n t  may be 
i n s u f f i c i e n t  f o r  c a l c u l a t i n g  t h e  u s e f u l  l i f e t i m e  of m e t a l s  and 
a l l o y s .  I n  an a t t empt  t o  s tudy  t h i s  problem, it w a s  decided t o  
Many i n d u s t r i a l  p rocesses  r e l y  on t h e  d i f f u s i o n  of mat ter  
measure t h e  d i f f u s i o n  of m e t a l l i c  vapor through t h i n  n o n - v o l a t i l e  
f o i l s .  The Knudsen method used i n  t h i s  work w a s  o r i g i n a l l y  
developed by Meadowcroft and Cuny , 2 
From t h e  measured weight loss  o u t  of a Knudsen c e l l ,  t h e  
e f f l u x  vapor p r e s s u r e  can be c a l c u l a t e d  and by us ing  a series of  
a l l o y s  of  d i f f e r e n t  composi t ion,  a r e l a t i o n s h i p  between composition 
and t h e  e q u i l i b r i u m  vapor p r e s s u r e  a t  a p a r t i c u l a r  tempera ture  can 
be determined. I f ,  however, a f o i l  i s  p laced  between t h e  a l l o y  and 
t h e  o r i f i c e  so t h a t  t h e  on ly  p a t h  f o r  t h e  vapor i n t o  t h e  Knudsen 
ce l l  i s  through t h e  f o i l ,  t h e  f l u x  l e a v i n g  t h e  ce l l  i s  a l so  t h e  
d i f f u s i o n  f l u x .  Under s t e a d y  s ta te  c o n d i t i o n s  F i c k ' s  f i r s t  l a w ,  
ac 
ax J = - D -  
where J i s  t h e  f l u x  p e r  u n i t  area, D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  
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3C 
ax and - is  t h e  concen t r a t ion  g r a d i e n t  i n  t h e  x d i r e c t i o n ,  i s  v a l i d .  
I t  is  assumed t h a t  t h e  composition of one side of t h e  f o i l  w i l l  be 
t h a t  of an a l l o y  h e l d  i n  e q u i l i b r i u m  w i t h  t h e  f o i l ,  and t h e  composi- 
t i o n  o f  t h e  o t h e r  s i d e  i s  given by t h e  weight loss  and thermody- 
namics of t h e  d i f f u s i n g  s p e c i e s .  The weight  loss ,  t h e r e f o r e ,  g i v e s  
t h e  i n n e r  f o i l  composition and by measuring t h e  t h i c k n e s s  and area 
of  t h e  f o i l ,  t h e  d i f f u s i o n  c o e f f i c i e n t  may be  found d i r e c t l y .  
The Knudsen expres s ion  fo r  c a l c u l a t i n g  vapor p r e s s u r e s  from t h e  
f l u x  through a s m a l l  o r i f ice  i s  g iven  by 
P ( a t m )  = 2.255 x lom2 x - WotA 
where P i s  t h e  vapor p r e s s u r e  i n  atmospheres,  w / t  i s  t h e  weight loss 
i n  gm/sec, W i s  t h e  Clausing f a c t o r  t o  correct for  a b s o r p t i o n  and 
subsequent  remission of  atoms i n  t h e  o r i f i c e ,  A i s  t h e  o r i f i c e  area i n  
0 
s q  c m ,  T is  t h e  a b s o l u t e  tempera ture  and M i s  t h e  molecular  weight.  
Provided t h e  vapor p r e s s u r e  and t h e  thermodynamics of  t h e  a l l o y  
system concerned are known, t h e  concen t r a t ion  of  t h e  d i f f u s i n g  
s p e c i e s  on t h e  o u t s i d e  of  t h e  f o i l  can be c a l c u l a t e d  from 
= a  P - 
and 
a = NZ’ 
where P is t h e  vapor p r e s s u r e  given by expres s ion  (21, Po i s  t h e  
vapor p r e s s u r e  of t h e  pure  subs tance  a t  t h e  tempera ture  under con- 
s i d e r a t i o n ,  N i s  t h e  a t o m  f r a c t i o n ,  a i s  t h e  a c t i v i t y  and bA i s  t h e  
a c t i v i t y  c o e f f i c i e n t .  
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One o f  t h e  l i m i t a t i o n s  of  t h i s  t echn ique  i s  t h a t  t h e  vapor p re s -  
s u r e  of  t h e  d i f f u s i n g  element must be  a t  least  t w o  o r d e r s  of magnitude 
h i g h e r  t han  t h a t  of  t h e  m e t a l  through which d i f f u s i o n  occurs .  Under 
t h i s  c o n d i t i o n ,  it can be  assumed t h a t  on ly  t h e  vapor o f  t h e  d i f f u s i n g  
element leaves t h e  cel l .  Secondly,  i n  o r d e r  t h a t  t h e  weight  loss be 
measured a c c u r a t e l y ,  t h e  f l u x  must be  a t  least  lo-' gm/sec. Also, 
t h e  weight loss should  n o t  be greater than  l o m 6  gm/sec; o the rwise ,  
t h e  Knudsen expres s ion  no longe r  ho lds  f o r  an o r i f i c e  of  approximately 
c m  . This  range of measurement i s  roughly t h e  s a m e  as given 2 
by t h e  s e c t i o n i n g  technique .  
The system chosen f o r  s tudy  i s  t h e  d i f f u s i o n  of z i n c  through 
si lver.  The z i n c - s i l v e r  system w a s  s e l e c t e d  as t h e  thermodynamics 
of  t h e  system are known and o t h e r  d i f f u s i o n  d a t a  e x i s t  f o r  
comparison. I n  order t o  avoid compl ica t ions  t h a t  would r e s u l t  i f  
compounds formed, it w a s  dec ided  t o  s tudy  d i f f u s i o n  i n  t h e  a - s o l i d  
s o l u t i o n  reg ion .  
Experimental  Procedure 
The exper imenta l  arrangement w a s  e s s e n t i a l l y  t h e  same as t h a t  
3 
used by Boyer and &&adowcroft i n  t h e i r  s t u d i e s  of s u r f a c e  d i f f u s i o n  
i n  a Knudsen cel l .  The on ly  mod i f i ca t ions  w e r e  t h e  a d d i t i o n  of a 
thermocouple (enc losed  i n  an alumina tube t o  p reven t  contaminat ion 
from z i n c  vapor) j u s t  below t h e  c r u c i b l e  and m o r e  r a d i a t i o n  s h i e l d s  
t o  improve t h e  tempera ture  p r o f i l e .  P re l imina ry  measurements showed 
t h a t  an even tempera ture  zone ( + l 0 C )  - of  a t  least  1" e x i s t e d  i n  t h e  
furnace  over t h e  tempera ture  range s t u d i e d .  A c o n s t a n t  v o l t a g e  source  
w a s  used and t h e  tempera ture  w a s  k e p t  w i t h i n  22OC dur ing  a run. 
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The success  of t h e  c e l l  r e s t e d  upon o b t a i n i n g  a l e a k - t i g h t  
seal  between t h e  f o i l  and t h e  ce l l  and having a wel l -def ined  f o i l  
area. The ce l l  c o n s i s t e d  of a tan ta lum c o n t a i n e r  which f i t t e d  
p e r f e c t l y  i n t o  t h e  molybdenum c y l i n d e r  c o n t a i n i n g  t h e  o r i f i c e  
T h e  f o i l  w a s  s t r e t c h e d  ove r  t h e  tan ta lum p o r t i o n  and t h e  u n i t  w a s  
assembled a t  room tempera ture .  On h e a t i n g  t o  t h e  o p e r a t i n g  tempera- 
t u r e ,  t h e  tan ta lum c o n t a i n e r  expands t i g h t l y  a g a i n s t  t h e  molybdenum 
p o r t i o n  t o  form a g a s - t i g h t  seal  as t h e  c o e f f i c i e n t  o f  expansion f o r  
tantalum exceeds t h a t  f o r  molybdenum. The area of t h e  f o i l  w a s  taken 
t o  be t h e  area de f ined  by t h e  k n i f e  edges of t h e  tan ta lum c o n t a i n e r .  
A s  d a t a  w a s  n o t  a v a i l a b l e  for  z i n c  s u r f a c e  d i f f u s i o n  on molybdenum, 
a c o n i c a l  o r i f i c e  w a s  used,  t o  which a Clausing factor  w a s  app l i ed .  
The f o i l  and t h e  si lver used t o  make up t h e  a l l o y s  w a s  9 9 . 9 0 %  
pure ,  while  t h e  z i n c  w a s  9 9 . 9 8 %  pyre.  S i l v e r - z i n c  a l l o y  c h i p s  w e r e  
used as a source  of  v o l a t i l e  z i n c  vapor. T h e  z i n c  concen t r a t ion  w a s  
known t o  +0.05 - w t % .  Th i s  w a s  determined by chemical a n a l y s i s ,  and 
success ive  de t e rmina t ions  of  t h e  same sample w e r e  a c c u r a t e  t o  t h e  
above f i g u r e  . 
T h e  t h i c k n e s s  of t h e  f o i l  w a s  determined by t w o  methods. F i r s t ,  
a known area of  f o i l  w a s  weighed and, from t h e  d e n s i t y  o f  s i l v e r ,  
t h e  t h i c k n e s s  w a s  c a l c u l a t e d .  This  method always gave good agree-  
ment w i t h  t h e  reading  g iven  by a m i c r o m e t e r .  The former reading  w a s  
always t a k e n ,  and it w a s  assumed t h a t  t h e  f o i l  t h i c k n e s s  w a s  known 
w i t h i n  5%. 
The weight loss w a s  g iven  by a microbalance which w a s  a c c u r a t e  
t o  +0.02 - mg. The ce l l  w a s  weighed b e f o r e  and a f t e r  each r u n ,  and 
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t h e  r e s u l t i n g  weight loss w a s  u s u a l l y  w i t h i n  +0.0005 - g m  of t h a t  
ob ta ined  from t h e  microbalance c h a r t s .  Because z i n c  vapor w a s  l o s t  
from t h e  ce l l  du r ing  a run,  t h e  concen t r a t ion  o f  z i n c  i n  t h e  con- 
t a i n e r  had t o  be cont inuous ly  co r rec t ed .  This  w a s  c a l c u l a t e d  from 
t h e  o r i g i n a l  a n a l y s i s  and t h e  weight loss  g iven  by t h e  c h a r t .  
C a l c u l a t i o n s  showed t h a t  t h e  amount of z i n c  i n  t h e  f o i l  w a s  n e g l i g i b l e  
a t  a l l  t i m e s .  
An error a n a l y s i s  showed t h a t  t h e  errors i n  t h e  f o i l  area and 
t h i c k n e s s  w e r e  t h e  m o s t  impor t an t ,  and t h e s e  gave an o v e r a l l  error 
i n  t h e  d i f f u s i o n  c o e f f i c i e n t  of  15%.  This  i s  approximately t h e  s a m e  
e r r o r  ob ta ined  by t h e  s e c t i o n i n g  techniques .  
Resu l t s  
The f l u x  from t h e  ce l l  w a s  ob ta ined  a t  5 tempera tures  and 
a t  va r ious  i n i t i a l  s t a r t i n g  c o n d i t i o n s .  About 5 runs  w e r e  made a t  
each temperature .  
I n  o r d e r  t o  check t h a t  d i f f u s i o n  w a s  t h e  r a t e - c o n t r o l l i n g  s t e p ,  
t h e  t h i c k n e s s  of t h e  f o i l  w a s  v a r i e d  a t  1 0 0 0 O K .  For  t h e  same concen t r a t ion  
drop ,  t h e  f l u x  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t h i c k n e s s ,  which 
shows t h a t  d i f f u s i o n ,  and n o t  t h e  t r a n s p o r t  of  z i n c  vapor i n t o  and o u t  
of t h e  f o i l ,  c o n t r o l s  t h e  f l u x .  
When c a l c u l a t i n g  t h e  c o n c e n t r a t i o n  on t h e  o u t s i d e  o f  t h e  f o i l ,  
t h e  z i n c  vapor p r e s s u r e  d a t a  of  Kubaschewski and W i t t i g '  and t h e  
thermodynamic d a t a  of B i r c h e n a l l  and Cheng' w e r e  used. The l a t t e r  
d a t a  w a s  a v a i l a b l e  on ly  a t  6OO0C,  and it w a s  assumed t h a t  it was 
independent o f  temperature .  
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The resul ts  ob ta ined  from t h e  experiment are t h e  f l u x  i n  gmlsec,, 
t h e  area and t h i c k n e s s  o f  t h e  f o i l ,  and t h e  c o n c e n t r a t i o n  g r a d i e n t  
across t h e  f o i l .  I n  order  t o  make equat ion  (1) dimens iona l ly  correct, 
t h e  LHS must be m u l t i p l i e d  by t h e  d e n s i t y  of t h e  f o i l .  Provided t h e  
d i f f u s i o n  c o e f f i c i e n t  i s  independent of tempera ture ,  it can be 
c a l c u l a t e d  by d i r e c t  s u b s t i t u t i o n  of t he  d a t a  i n  equat ion  (1). 
H o w e v e r ,  when D is  p l o t t e d  a g a i n s t  t h e  Concentrat ion o u t s i d e  t h e  
f o i l ,  it i s  found t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  n o t  independent 
of concen t r a t ion .  I t  i s  assumed t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  
depends on t h e  concen t r a t ion  i n  t h e  fQllowing way: 
3 = D~ (I + ac + bc2 + c ' c  
DC 
where D , i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  c o n c e n t r a t i o n  c (weight  
f r a c t i o n ) ,  Do i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  ze ro  concen t r a t ion  and 
a ,  b and c '  are c o n s t a n t s .  S u b s t i t u t i n g  equa t ion  ( 5 )  i n t o  equa t ion  
(1) and i n t e g r a t i n g  g i v e s  
a b 
[(C0'Ci) + - 6 J A =  -D 
0 
+ - C '  (Co4-Ci4) ]  
4 
where 6 is t h e  t h i c k n e s s  of t h e  f o i l ,  Ci i s  t h e  i n s i d e  concen t r a t ion  
and Co i s  t h e  o u t s i d e  concen t r a t ion .  
3 3  used i n  t h e s e  experiments (Co -Ci ) and (CO4-Ci4) are very s m a l l  
compared t o  (Ci-Co) and w e r e ,  t h e r e f o r e ,  neg lec t ed .  T h e  available 
d a t a  w e r e  computed f o r  the best values of D and a ,  and va lues  of 
DC c a l c u l a t e d .  When Dc i s  p l o t t e d  a g a i n s t  c o n c e n t r a t i o n ,  it i s  
found t h a t ,  a t  t h e  l o w e r  t empera tu res ,  t h e  d i f f u s i o n  c o e f f i c i e n t s  
ob ta ined  i n  t h i s  experiment are cons iderably  g r e a t e r  t han  those  
I n  t h e  range of concen t r a t ions  
0 
(5)  
(6) '  
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ob ta ined  by Sawatsky', w h i l e ,  a t  t h e  h i g h e r  t empera tu res ,  there i s  
good agreement. 
Meta l lographic  examinations w e r e  carried o u t  on t h e  f o i l s ,  
and it w a s  found t h a t  a f te r  d i f f u s i o n  of t h e  z i n c  t h e  f o i l s  used 
a t  l O O O O K  w e r e  v i r t u a l l y  une f fec t ed .  The f o i l s  used a t  l o w  t e m -  
p e r a t u r e s  e x h i b i t e d  cons ide rab le  p o r o s i t y  n e a r  t h e  s u r f a c e  where 
t h e  z i n c  l e a v e s  t h e  f o i l .  T h i s  effect  i n c r e a s e d  markedly w i t h  
dec reas ing  temperature .  
Discussion of t h e  R e s u l t s  
The r e s u l t s  found w i t h  t h i s  techQique are i n  good accordance 
w i t h  t h e  f i n d i n g s  of  other  i n v e s t i g a t i o n s .  A t  h igh  tempera tures ,  t h e  
d i f f u s i o n  rates are approximately the, same as those found by 
Sawatsky . However, a t  tempera tures  below 960°K, t h e  d i f f u s i o n  
c o e f f i c i e n t  g iven  by t h i s  method i s  cons ide rab ly  g r e a t e r  t han  t h a t  
ob ta ined  by more normal methods. From t h e  meta l lographs ,  it w a s  
6 
seen t h a t  t h e  i n c r e a s e d  d i f f u s i o n  w a s  due t o  p o r o s i t y  a t  t h e  
outward edge of t h e  f o i l .  I n  s i m i l a r  experiments ,  B a l l u f i 7  observed 
p o r o s i t y  by evapora t ing  copper from a copper-nickel  a l l o y ,  s i l v e r  
:ram a s i l v e r - g o l d  a l l o y  and si lver f r o m  a s i lve r -pa l l ad ium a l l o y  
' in to  a vacuum. I n  t h e  case of z i n c  evapora t ing  from a b r a s s  spec i -  
men, he found t h a t ,  a l though p o r o s i t y  occurred ,  t h e  d i f f u s i o n  c o e f f i -  
c i e n t  w a s  u n a l t e r e d .  
I t  i s  probable  t h a t  t h e  larger d i f f u s i o n  c o e f f i c i e n t  of z i n c  
r e s u l t s  i n  z i n c  d i f f u s i n g  o u t  of the f o i l  fas te r  than  t h e  s i lver  can 
f i l l  t ne  vacant  s i tes .  These vacan t  s i tes t h e n  condense together t o  
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form pores .  
Therefore ,  a t  h i g h e r  t empera tu res ,  where t h e  d i f f u s i o n  c o e f f i c i e n t  of 
A t  0% Zn, - DZn i s  6.05 a t  8 0 0 O K  and 4 . 7  a t  1000°K6r8. 
A s  
D 
s i lver  approaches t h a t  o f  z i n c ,  vacancies no longe r  form dur ing  t h e  
d i f f u s i o n  process .  H o w e v e r ,  a t  25 w t %  Zn, D Zn i s  roughly 2.5' and 
i s  v i r t u a l l y  independent of tempera ture  and, provid ing  t h e  above 
reasoning  is  correct, one would expec t  t h e  amount of  p o r o s i t y  t o  
A s  
dec rease  w i t h  i n c r e a s i n g  concen t r a t ion .  Becuase no runs  w e r e  made 
a t  concen t r a t ions  approaching 2 5  w t %  Zn, t h i s  hypo thes i s  could n o t  
be t e s t e d .  
I n  t h e  p r e s e n t  work, it i s  seen t h a t  t h e  t r a n s p o r t  of a m e t a l  
through ano the r  m e t a l  having a smaller d i f f u s i o n  c o e f f i c i e n t  g i v e s  
cons ide rab le  p o r o s i t y ,  which r e s u l t s  i n  a decrease i n  t h e  d i f f u s i o n  
p a t h  w i t h  a corresponding i n c r e a s e  i n  t h e  m a s s  t r a n s p o r t .  This  i s  
of d i r e c t  importance i n  many i n d u s t r i a l  p rocesses .  For  example, i n  
g a l v a n i s i n g ,  z i n c  has  t o  d i f f u s e  through several i n t e r m e t a l l i c  c o m -  
pounds t o  react w i t h  t h e  i r o n  and it i s ,  t h e r e f o r e ,  a n t i c i p a t e d  t h a t ,  
due t o  t h e  l a r g e r  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  z i n c ,  p o r o s i t y  w i l l  
t end  t o  occur  i n  t h e s e  l a y e r s ,  t he reby  reducing t h e  adherence,  
mechanical s t r e n g t h  and co r ros ion  r e s i s t a n c e  of t h e  c o a t i n g .  
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